Creating highly stable inorganic perovskite nanocrystals (CsPbX 3 , X=Cl, Br and I) with excellent optical performance is challenging because their optical properties depend on their ionic structure and its inherent defects. Here, we present a facile and effective synthesis using a nano confinement strategy to grow Mn 
Introduction
Recently, colloidal caesium lead halidebased perovskite nanocrystals (CsPbX 3 NCs, X = Cl, Br or I) have been shown to possess exceptional optical properties, including bright photoluminescence (PL) with quantum yields ＞90%, a wide gamut of colours, narrow full width at half maximum (FWHM), and bandgaps adjustable by tuning the halide composition and the crystal morphology. 15 Overall, these remarkable features make perovskite nanocrystals (NCs) excellent candidates as the next generation of illumination sources for a wide range of optoelectronic applications, including lightemitting diodes (LEDs), anticounterfeit inks, lasers, photodetectors, and display backlights. 510 However, their instability in ambient environment, heat, and UV light, as well as the facile anion exchange reaction and phase transformation, limits their practical applications. These issues arise from the low formation energy and the considerable ionic character of the perovskite NCs. 1, 5, 1115 Progress to correct the inherent vulnerability of perovskite NCs has already been demonstrated. Embedding CsPbX 3 NCs into inorganic (SiO 2 , metalorganic frameworks, or zeoliteY) 1620 or polymer matrices (polystyrene, polymethyl methacrylate, block copolymer micelles, or polyvinylidene fluoride), 2125 can preserve the bright emission while improving stability. Regulating the surface capping by introducing longchain, 2627 polydentate chelating, 28 branched 29 or stericallyhindered surfactants 30 as ligands to create surface passivation layers is also effective. Beyond those, doping with other cations has been shown to stabilize the material, with Mn 2+ identified as an effective option. 3134 Mn 2+ and Pb 2+ possess the same valence state and similar ionic radii with a higher bond dissociation energy (MnCl relative to PbCl), which allows for the partial replacement of Pb in CsPbCl 3 with Mn. 31, 33, 35 While such efforts can enhance the stability of the NCs, 1718, 2223, 28 the ability to obtain stable nanoscale perovskites remains a challenge. 21, 3637 Some of the attempts resulted in materials only suitable to prepare bulk luminescent materials 18, 2223 and offered a limited improvement in resistance to water and UV light. 21, 36 Therefore, in order to obtain high stability without significant loss of the unique electrical and optical properties in ambient air and under UV light, it is essential to develop a facile and efficient synthetic method to produce monodispersed and stable nanocrystal composites.
To date, a wide variety of porous materials have been used to host inorganic crystals and improve their stability. 16, 3841 Mesoporous silica nanospheres (MSNs) are a fascinating class of porous materials and have been extensively studied because of their tuneable pore sizes, large internal pore volume and extensive pore connectivity, conferring them with a high specific area, excellent stability, easier surface functionalization, and nontoxicity. 4244 These outstanding features make MSNs a promising platform for confined growth of nanoparticles within the pores. In this study, we present a synthetic strategy to grow Cs(Pb x /Mn 1x )Cl 3 (x denotes the Pb composition out of the total Pb/Mn) NCs within the pores of MSNs (Scheme 1 (DMSO) . After impregnation, the excess solution was removed by damping with filter paper. The powder was sandwiched between two glass slides and heated up to 120°C in a vacuum oven for 120 minutes. Afterwards, the powder was allowed to cool to 50 °C under vacuum and then to room temperature in vacuum oven. Finally, the powder was dispersed and washed with nhexane and isopropanol three times and centrifuged, after which the powder was collected for further characterization. Finally, the resulting composite was dried in a vacuum oven overnight before being used. The composites of CsPbBr 3 @MSNs and CsPb(Br/Cl) 3 @MSNs were prepared following the same procedure above.
Stability Tests: To evaluate the thermalstability and photostability, the powders of Cs(Pb x /Mn 1x )Cl 3 @MSNs composite were stored in a flask upon increased temperature and subjected to UV light irradiation (365 nm, 0.5 W•cm 2 ), and PL intensity was subsequently measured over different period of times. Besides, the powder of Cs(Pb x /Mn 1x )Cl 3 @MSNs composites was exposed atmospheric moisture over times. The aged samples were then subjected to further characterization.
White LED device fabrication: For white LED device fabrication, UV (365 nm) LED chips was used to excite the blue CsPb(Cl/Br) 3 @MSNs (458 nm) and orange Cs(Pb x /Mn 1x )Cl 3 @MSNs (588 nm) composites. Firstly, the CsPb(Cl/Br) 3 @MSNs composite (00.3 g) was dispersed in silicon resin (3 g) after vigorous stirring, and the obtained mixture was directly coated onto UV LED chips and thermally cured at 40 °C for 30 min and 120 °C for 60 min, gradually. Then, Cs(Pb x /Mn 1x )Cl 3 @MSNs layer was prepared similarly as above, which would be stowage onto the upper surface of bluebased LED devices by mixing with silicon resin, followed by twostage thermal curing, to give the fabricated WLED devices.
Characterization Methods: Ultraviolet and visible absorption (UVvis) spectra of composites were collected using a Cary 5000 UVVisNIR spectrophotometer. Fluorescence spectra fluorescent lifetime and absolute photoluminescent quantum yields (PLQYs) were collected using an integrated sphere on an Edinburgh Instruments FLS920 spectrophotometer. 
Results and discussion
The overall synthetic strategy for the Cs(Pb x /Mn 1x )Cl 3 @MSNs composites is shown in Scheme ) calculated from BET method.
Per design, the large surface area, internal pore volumes and high pore connectivity favour incorporation of Cs(Pb x /Mn 1x )Cl 3 NCs as a guest. 40, 42, 44, 4647 To obtain more insight into the reaction process, we examined the morphology of the The embedded NCs are distributed uniformly inside the mesoporous SiO 2 particles with an average diameter of 8 nm (Figures 2a and S3) . Notably, no excessively large particles were observed, which implies the inclusion of the smaller size NCs rather than exclusion of larger particles. SEMEDS elemental composition mappings for Si, Cs, Pb, Mn, and
Cl elements from composites are presented in Figure 2b . As expected, all the related elements can be detected uniformly.
There is a large decrease of MSNs pore volume (0.966 to 0.238 cc/g) and surface area (JCPDF #180366) with a 0.1° shift toward higher angles when Mn replaces Pb (22.4° to 22.5°, Figure 2d ).
4849
The broad peak around 22° is attributed to amorphous SiO 2 .
40
XPS elemental composition analysis also confirmed that the asobtained Mn (Table S1) . 48, 52 Using the same synthetic route, we can grow several (Table S1) . 45, 48, 52 The absorption spectra however remains identical, with an absorption peak maximum at 382 nm ( Figure S5a ) when the PbtoMn molar feed ratio changes. Notably, the PL excitation spectrum (collected by monitoring the PL centered at 575 and 588 nm) closely follows the absorption spectrum ( Figure S5b) Figure S6 ). This is because the pore of the MSNs can confine the growth of perovskite NCs, yielding with smaller size than the Cs(Pb 0.72 /Mn 0.28 )Cl 3
NCs. 39, 41 Composites with higher Mn content present a significant reduction of the PLQY, presumably excessive Mn substitution destroys the crystallinity of the CsPbCl 3 NCs, in agreement with previous reports. 32, 45, 48 Furthermore, the mesoporous matrix is also suitable for growing CsPbBr 3 @MSNs composites, leading to PL emission at 526 nm and a 53% PLQY. During the growth process, the spatial isolation of Cs(Pb x /Mn 1x )Cl 3 NCs in the MSN cavities effectively prevented close contact and particle fusion. 42, 44 The shielding effect in the thus formed suprastructures is also likely to yield improved stability towards UV light, temperature, and atmospheric moisture. the relative PL intensity was still 80% of the initial value after 24 h. Even after 72 h, more than 50% of the initial intensity was preserved (Figure 4b) . Conceptually, the NCs provide spatial isolation in the pores, inhibiting particle fusion generally promoted by light or heat. Similar results were reported when isolating NCs inside polymer or inorganic matrix. 17, 2224 To measure stability to moisture, we performed comparative studies of bare 
Conclusions
In summary, we report a facile and effective synthesis to create highly luminescent and stable 
